Abstract-Two independent pitch controllers (IPCs) based on the disturbance accommodating control (DAC) algorithm are designed for the three-bladed Controls Advanced Research Turbine to regulate rotor speed and to mitigate blade root flapwise bending loads in above-rated wind speed. One of the DAC-based IPCs is designed based on a transformed symmetrical-asymmetrical (TSA) turbine model, with wind disturbances being modeled as a collective horizontal component and an asymmetrical linear shear component. Another DACbased IPC is designed based on a multiblade coordinate (MBC) transformed turbine model, with a horizontal component and a vertical shear component being modeled as step waveform disturbance. Both of the DAC-based IPCs are found via a regulation equation solved by Kronecker product. Actuator dynamics are considered in the design processes to compensate for actuator phase delay. The simulation study shows the effectiveness of the proposed DAC-based IPCs compared to a proportional-integral (PI) collective pitch controller (CPC). Improvement on rotor speed regulation and once-per-revolution and twice-per-revolution load reductions has been observed in the proposed IPC designs.
I. INTRODUCTION
Significant advanced control techniques for wind turbine fatigue load alleviation have been developed during the past few years for the purpose of reducing the cost of wind energy [1] . The alleviated structural and fatigue loads will significantly decrease the turbine cost by lessening the maintenance requirements and improving overall turbine reliability. Advanced composite materials such as resin-infused woven and stitched fiberglass, which are expected to survive for long periods of time, have been utilized in the blade design to achieve low production cost and also to reduce its operational cost [2] , [3] . Modern commercial turbines equipped with individual pitch actuators for each blade for implementation of individual pitch control (IPC) have the potential to reduce the load of rotor blades due to wind speed variations across the rotor plane [4] .
Several IPC designs based on linear quadratic Gaussian (LQG) control are presented in [5] , [6] , which show significant operational load reduction. Preview-based IPC is also proposed in [7] , where the feedforward control both with and without the use of multiblade coordinate (MBC) controllers show excellent performance in load mitigation, but only the horizontal wind disturbance model is included in the design. A linear and nonsingular coordinate transformation IPC strategy for two-bladed wind turbines is described in [8] , [9] , which enables the updating of individual pitch control law and does not rely on rotor azimuth position. Bending moment reductions in tower, shaft torsion, and blade flapwise have been observed in a two-bladed Controls Advanced Research Turbine (CART2) field testing using advanced state-space IPC controllers [10] - [12] .
Disturbance accommodating control (DAC) incorporates a predefined waveform model as the internal model and augments it with the turbine state-space model to reduce the wind disturbance effects on the outputs of the wind turbine. The predetermined waveform generator is used to model the unknown persistent disturbances, which will drastically reduce the benefits of active structure control unless the controller can be designed to counteract such disturbances [13] , [14] . The studies of DAC for wind turbine load mitigation have been published in the work [15] - [18] . In these works, DACs are found via Moore-Penrose pseudoinverse to minimize the disturbance effect on the system, which can not guarantee zero steady regulation error. A DAC-based extreme wind event controller and a DAC-based speed torque controller have been presented in [19] , [20] to regulate rotor speed without steady state error but is only suitable for the waveform model having a single disturbance state.
In this research, the DAC-based IPCs are determined by a regulation equation that is solved via Kronecker product. If solvable conditions are fulfilled, zero regulation steady error can be guaranteed no matter whether the disturbance model is a multistate model or a single-state one. An observer has to be included in the DAC-based IPC loop to estimate the unknown turbine and disturbance states and to construct the internal disturbance model to reject a predetermined wind disturbance. Additionally, the blades of wind turbine experience periodic disturbance due to the combination of gravity force and vertical shear impact on the rotational blades. The once-per-revolution (1P) and twice-per-revolution (2P) are the two dominant periodic frequency disturbances on the blades. In our recent work [9] , a DAC-based IPC has been developed on a transformed symmetrical-asymmetrical (TSA) turbine model to mitigate the 1P asymmetrical blade flapwise load and also to regulate the above-rated rotor speed on a two-bladed wind turbine. In this work, we extend the DAC-based IPC on a three-bladed wind turbine, where we apply asymmetrical blade load control at not only the 1P frequency but also at the 2P frequency. Another contribution of this paper is the design of an MBC DAC-based IPC, where an azimuth-averaged MBC transformed turbine model is used for such DAC design. The wind disturbance model contains not only a horizontal collective wind disturbance but also an MBC-transformed vertical shear disturbance, both of which are step waveform.
The remainder of this paper is organized as follows: Section II describes the design of both the TSA-based and the MBC-based DAC IPCs for a three-bladed turbine, together with the description of the turbine model, the wind disturbance model, and the transformed turbine model. Section III shows the experiment environment, including the simulated wind turbine model and the simulated turbulent wind field. Section IV gives the simulation results compared with a proportional-integral (PI) based collective pitch control (CPC). And concluding remarks are given in Section V.
II. DAC-BASED IPC DESIGN FOR A THREE-BLADED TURBINE A. TSA IPC Design 1) Azimuth-Averaged Three-Bladed Turbine Model: The turbine model used for TSA IPC design is a four degrees-offreedom (DOF) model, which includes three-blade flapwise modes and one rotational rotor mode. We use β 1 , β 2 , and β 3 as the pitch angles for three blades; v 1 , v 2 , and v 3 as the prevailing wind speed at the tip of each blade; Ω as the rotor speed; and y 1 , y 2 , and y 3 as each blade's root flapwize bending moment. A linear continuous-time azimuthaveraged state-space model at a specific operating point can be expressed as
where 2) Wind Disturbance Model: Due to vertical wind shear variations across the rotor plane, the three-bladed wind turbine experiences periodic frequency disturbances. The 1P frequency and 2P frequency are the two most dominant disturbances. The wind disturbance v lin can be modeled as an asymmetrical linear shear component v d , which is a combined sinusoidal 1P and 2P waveform, and as a horizontal collective wind component v c , which is a stepwise constant waveform. The wind disturbance model is defined in (2)- (3).
where x v is the wind disturbance state; Ω 1P and Ω 2P are the 1P and 2P rotor speeds in rad/s; and k 1P , k 2P are the weighting coefficients of 1P and 2P contribution, respectively.
3) Transformed Three-Bladed Turbine Model: Since the wind disturbance model (2)-(3) has been defined with output ∆v lin , the linear turbine model (1) must therefore be transformed to include ∆v lin for DAC design. A set of linear matrix transformations are determined and applied to (1) to get a symmetrical-asymmetrical model to include the wind disturbance model (2)-(3).
For a three-bladed turbine model, the transformation equations are
where 
the transformed control input and the transformed turbine output are with β c being the collective pitch component; β d being the asymmetrical pitch component; y as being the asymmetrical blade flapwise bending moment; and the transformed states being 
where
are obtained from
v .
An example of the effect of the linear transformation matrix T v on the three-bladed Controls Advanced Research Turbine's (CART's) three rotational blade tip prevailing wind speeds v 1 , v 2 , v 3 from a turbulent wind field is shown in Fig. 1 . The rated rotor speed of CART3 is 37 rpm so the 1P frequency is 0.617 Hz and the 2P frequency is 1.23 Hz. It is seen that the collective wind component v c contains 3P, 6P, and so on, while the asymmetrical wind component v d contains 1P, 2P, 4P, 5P, etc., indicating that the 1P and the 2P are the first two dominant asymmetrical disturbance peaks.
Such linear model transformations (4)- (5) enables the application of DAC to reduce both collective wind disturbance and asymmetrical 1P and 2P wind disturbance impact on rotor speed and asymmetrical flapwise bending moment. Note that the turbine's pitch actuator control signals β for use in implementation are obtained by inverse transformation from β lin . However, the proposed linear transformations would result in unbalanced blade loads due to the unequally weighted vector (2/3,-4/3,2/3) included in each of the four transformation matrices (5). Therefore, one blade always has more control impact than the others, which might have unexpected influence on drive-train or yaw system. Another DACbased IPC is presented in the next section, utilizing an MBC transformation to get a turbine model in the nonrotational frame to avoid such unbalanced transformations.
B. MBC IPC Design
The basic MBC transformation matrix T (θ) for a threebladed turbine is defined as
which is an azimuth θ-dependent transformation and is used to transform the three rotational blades into a fixedcoordinate with a uniform component, a vertical tilt component, and a horizontal tilt component [21] .
The wind velocity at a height z with a linear vertical shear coefficient α is given by [22] . Because the disturbance waveforms (v u , v nc , v ns ) do not depend on the azimuth angle θ, all of which are stepwise constant, we can use an azimuth-averaged MBC-transformed state-space model given by (10) to design the DAC IPC.
with
where the three components (i.e., uniform 'u,' vertical tilt 'nc', and horizontal tilt 'ns') for β mbc , v mbc , and y mbc are generated. In this research, we design an MBC-based IPC to accommodate v u and v nc . Therefore, the wind disturbance model (2) can be updated to be 
C. DAC-Based IPC Design
DAC uses a predefined waveform model such as (2) or (12) as part of the feedback control to counteract the wind disturbance effects on the outputs of the wind turbine. In this research, we design two DAC-based IPCs for the turbine models (7) and (10) with two goals: 1) to regulate the rotor speed at the rated value in above-rated wind speed, and 2) to attenuate the blade flapwise loading due to wind vertical shear.
A DAC controller is solvable if the following conditions can be fulfilled [23] : (a) v {·} are persistent disturbances, i.e., the real parts of all eigenvalues in F {·} are either positive or zero; (b) (A {·} , B {·} ) is stabilizable; (c) There exist Π, Γ solution of the following regulation equation
where {·} can be 'lin' or 'mbc' to get a TSA DAC-based IPC design or an MBC DAC-based IPC design. Condition (a) is fulfilled for both cases: the eigenvalues of F lin are {±jΩ 1P , ±jΩ 2P , 0} as indicated in (3), and the eigenvalues of F mbc are {0, 0} as shown in (12) . Other conditions have been checked and are fulfilled. Equation (13) is called the regulation equation, which can be solved via the Kronecker product as
with I being the appropriately sized identity matrix. The full state feedback controller given by DAC is
with G 
with L being the observer gain, which is chosen to ensure that the state error ∆e goes to zero quickly in (17) . The state error ∆e is
and its dynamics can be shown to satisfy
Also, the delayed pitch actuation will degrade the controller's performance. The pitch actuator dynamics can be incorporated into the controller design process to compensate the phase delay introduced by the actuators. More details can be found in [9] .
III. SIMULATION ENVIRONMENT
The CART3, located at the National Wind Technology Center at the National Renewable Energy Laboratory, is used in the simulation study. CART3 is a 600-kW research wind turbine with a rotor diameter of 40 m and hub height of 36.6 m. The rated rotor speed is 37 rpm. FAST [24] is used to model the CART3 with 15 enabled DOFs: the generator mode, the drivetrain mode, the first and second blade flapwise modes for three blades, the first blade edgewise mode for three blades, the first and second tower fore-aft modes, and the first and second tower side-to-side modes.
A 10-min TurbSim-generated [25] wind file with a mean of 18 m/s and a power law exponent of 0.125 is used in the simulations to verify the proposed DAC-based IPC controllers' effectiveness. TurbSim uses the inverse Fourier transformation of a wind spectrum model to numerically simulate the time series of three component wind speed vectors. The wind profiles of the 10-min turbulent wind file at the hub-height are plotted in Fig. 1 . The figure shows that in the 10-min turbulent wind case, the periodic frequencies 1P, 2P, 3P, 4P, and so on appear in v 1 , v 2 , v 3 due to rotor rotation. Fig. 3 . The PSDs of PI CPC, TSA DAC IPC, and MBC DAC IPC in terms of the pitch angles β 1 , β 2 , the rotor speed Ω, and the blade flapwise bending moment y 1 , y 2 using the TurbSim-generated wind file as shown in Fig. 1 . The tower base fore-aft bending moment My is shown as well. β 3 and y 3 are not shown, because they are similar to β 1 and y 1 .
IV. SIMULATION RESULTS AND DISCUSSION
The two DAC independent pitch controllers presented in Section II are compared to a PI-based collective blade pitch controller (PI CPC), which utilizes a feedback rotor speed error signal to simultaneously update blade pitch control commands [26] .
The power spectral densities (PSDs) of selected signals from simulation results in the TurbSim-generated wind file (plotted in Fig. 1 ) are shown in Fig. 3 .
Compared to the PI collective pitch controller, the independent pitch controllers (TSA DAC IPC and MBC DAC IPC) had 1P (0.61 Hz) pitch control authorities in the three blades (β 1 , β 2 , β 3 ) to mitigate the 1P loading in the three-blade root flapwise bending moments (y 1 , y 2 , y 3 ). The TSA-based independent pitch controller had an additional 2P control authority because of the predetermined wind disturbance model including a 2P mode as indicated in (2)-(3). Fig. 3 shows significant 1P load reduction existed in both the DAC-based independent pitch controllers. Also, the TSA DAC IPC had the additional 2P load reductions as designed. However, the TSA DAC IPC also had imbalanced 1P load reductions on signals y 1 , y 2 , y 3 (i.e., y 2 has the lowest 1P frequency peak). This imbalance results from the linear transformations (4)-(5) that construct the asymmetrical components u d , β d , y d using the unequal weighing vector. The 'four third' weighting coefficient can be placed to other blades, then the corresponding 1P peak load for that blade will be attenuated. Such imbalanced blade load reductions resulted in a worse load on the yaw moment y yaw as shown in Fig. 4 , where two peaks at 1P and 2P, respectively, appeared in the PSD of TSA DAC IPC's yaw moment signal. Also, there was a peak frequency at 0.89 Hz, which was the first tower mode. In the DAC-based independent controllers, a tower mode notch filter has been placed in the collective control loop (β c or β u ) to reduce the risk of the tower mode coupling with the 1P frequency. Because the tower side-toside mode coupled with the rotor rotation mode, insufficient damped tower mode would be transfered into blade flapwise bending moment via rotor rotation.
The statistical results, including the fatigue damage equivalent loads (DELs) for the three-blade root flapwise bending moments, the tower base fore-aft and side-to-side bending moments, the yaw moment, the root mean square (RMS) value of pitch rate, and the mean rotor speed value, are shown in Fig. 5 . The tower DELs have been reduced around 30% in both independent pitch controllers, partially for the sake of the tower mode notch filters placed in the control loops and partially due to the reduced magnitude in the tower foreaft bending moment over lower frequencies as indicated in Fig. 3 . The maximum blade DELs have been attenuated by 2.03% and 6.57% for the TSA-and MBC-based DAC IPCs, respectively. The MBC-based DAC IPC resulted in smaller blade DELs due to the magnitude being reduced almost equally for the three blades. Because of the imbalanced blade load reduction in the TSA-based DAC IPC, the yaw moment DEL was increased by 12.4%, while it was reduced by 4.14% in the MBC-based IPC. The pitch rate increased substantially because more pitch actuation was required in the independent pitch controllers. The rotor speed regulations in the independent pitch controllers were comparable to the PI collective pitch controller.
V. CONCLUSION
In this paper, two multi-input and multi-output DACbased independent pitch controllers were developed to reduce the wind disturbance effects on the rotor speed and the asymmetrical flapwise loading when the wind speed was above rated. The DAC controllers were designed based on a TSA-transformed turbine model and an MBC-transformed turbine model, respectively. The predetermined wind models with sinusoidal waveform and step waveform were incorporated in the state-space controller. Actuator dynamic was included in the design process to compensate the phase delay introduced by the actuator model. Simulation experiments were conducted in a 10-min turbulent wind field and CART3 FAST turbine model. The PI collective pitch controller was selected as a baseline to verify the effectiveness of the proposed independent control strategies.
Both the TSA DAC and the MBC DAC independent pitch controllers outperform the PI collective pitch controller on 1P blade flapwise load reduction. The DAC-based IPCs have a comparable rotor speed regulation as the PI CPC. The symmetric-asymmetric linear model transformations in the TSA-based DAC IPC are effective to decouple control loops for utilizing DAC approach but result in imbalanced blade flapwise load reductions, while the azimuth-averaged MBC transformation reduces such imbalance in blade loading. The embedded sinusoidal waveform and step waveform are the internal models that associates with the DAC feedback controller to achieve the wind disturbance accommodation on the turbine outputs.
Overall, the proposed DAC-based independent pitch controllers have the potential to reduce the wind disturbance effects on rotor speed and asymmetrical flapwise loading due to vertical wind shear in above-rated wind speed. Future work will focus on applying the proposed MBC DAC-based IPC to control loads on turbines within a wind plant, where blade loads caused by turbines operating in and out of the wakes of upwind machines will be critical. Also, we will apply higher periodic disturbance model coupled into the MBC DAC-based IPC to address asymmetrical blade flapwise load reduction in a wider frequency range.
